Background: EBI2 was recently deorphanized as the first oxysterol-activated receptor, but the binding mode remains unknown. Results: Mutational analysis showed that substitution of abolished agonist binding and EBI2 activation. Conclusion: Oxysterol binding is dependent on residues in TM-II, -III, and -VI. Significance: This is the first study to examine the binding mode of these novel 7TM receptor agonists.
Oxysterols encompass a group of oxygenated cholesterol derivates that are synthesized by enzymatic and nonenzymatic mechanisms in various organs. These molecules play an important role in a range of cellular processes, including inflammation (1), lipid metabolism (2) , and apoptosis (3) . The molecular targets of oxysterols are only starting to emerge and many remain enigmatic. Given their hydrophobic nature, these molecules are able to modulate the activity of cellular effectors either directly by binding or indirectly by changing the physicochemical properties of the plasma membrane upon incorporation (4) . Interestingly, two distinct receptor families are represented among the few effectors that are known to bind oxysterols, namely the nuclear receptor transcription factors and the G protein-coupled seven transmembrane (7TM) 2 receptors. Members of the former group include the liver X receptor ␣ and ␤ isoforms, both of which are activated by several oxysterols such as 22(R)-hydroxycholesterol and 24(S)-hydroxycholesterol (5) (6) (7) . In addition, another nuclear receptor, the retinoic acid-related orphan receptor ␥, was recently suggested to be activated by various oxysterols (8) . Of note, this receptor is important for T H 17 cell differentiation and T H 17 cell-mediated autoimmune disease (9, 10) suggesting a prominent role for oxysterol-induced nuclear receptor activity in both physiological and pathophysiological settings.
Recently, the family of 7TM receptors was discovered to be oxysterols targets when two oxysterol-activated receptors were identified. These are smoothened, an essential element of the hedgehog signaling pathway (11) , and the Epstein-Barr virus-induced receptor 2 (EBI2) also known as GPR183 (12, 13) . EBI2, the focus of this study, belongs to the rhodopsin-like subfamily of 7TM receptors and is expressed primarily in lymphoid tissues and leukocytes (14, 15) . Prior to its deorphanization, a characterization of this receptor's apparent constitutive activity revealed that it signals through G␣ i (14) . Biologically, EBI2 was later shown to play an important role in humoral immune responses by regulating B cell trafficking within lymphoid follicles (16, 17) . Specifically, activated B cells residing in the germinal centers down-regulate the expression of EBI2 and, upon translocating to the inter/outer follicular areas, up-regulate the level of EBI2 suggesting that the receptor functions as a chemotactic receptor by responding to an (at the time) unidentified agonist. This agonist was finally identified as the oxysterol 7␣,25-OHC, which binds EBI2 with high affinity and selectivity (12, 13) . Activation of EBI2 by 7␣,25-OHC leads to G␣ i activation and ultimately triggers migration of EBI2-expressing leukocytes ex vivo and in vivo (12, 13) . Importantly, activated B cells that are deficient in either CH25H (the enzyme that catalyzes the hydroxylation at the 25-position) (12) or EBI2 (16, 17) are unable to migrate to the outer region of the germinal center. Ultimately, this results in a significantly reduced number of plasma cells thus underscoring the biological importance of this novel agonist-receptor pair.
Whereas structural data regarding the binding mode of oxysterols to nuclear receptors (8) and the oxysterol-binding protein (18) exist, the binding mode of oxysterols to 7TM receptors is unknown. However, pharmacophore studies on the 7␣and 25-OH groups in the EBI2 agonist suggest that both are tightly involved in ligand binding as even subtle changes in hydroxyl position result in a significant decrease in affinity, suggesting that a clearly defined set of anchor residues are present in EBI2 (12, 13) . Here, we have used mutational analysis to identify these residues, and in silico docking simulations to explore the possible binding modes of 7␣,25-OHC. The important residues include an Arg in the top of TM-II (Arg-87 at position II:20/ 2.60), 3 a Tyr in TM-III (Tyr-116 at position III:13/3.37) and a Tyr in TM-VI (Tyr-260 at position VI:16/6.51). Furthermore, the Tyr at position III:09/3.33 (Tyr-112) also play a prominent role in agonist binding. We also show that Arg or Lys residues at position II:20/2.60 are highly important for ligand binding in other 7TM receptors, here exemplified by the cysteinyl leukotriene receptors 1 and 2 (CysLTs) and two P2Y receptors (P2Y12 and P2Y14). Finally, as we previously have identified the Arg at position II:20/2.60 as a major regulator of EBI2 constitutive activity (19) , our results also indicate that the majority of this activity likely has been a result of agonist contamination as reported for other lipid-activated receptors as well (20) .
EXPERIMENTAL PROCEDURES
Materials-The cDNA encoding human EBI2 was from an in-house library, and cDNAs encoding CysLT1, CysLT2, P2Y12, and P2Y14 were bought from Missouri S&T cDNA Resource Center. The promiscuous chimeric G protein G qi 4myr was kindly provided by Evi Kostenis (Rheinische Friedrich-Wilhelm University, Bonn, Germany). Lipofectamine TM 2000 reagent and Opti-MEM was purchased from Invitrogen, and FuGENE 6 reagent was from Roche Applied Science. The PathHunter ␤-arrestin kit was from DiscoveRx. SteadyLite (lyophilized substrate solution) was from Perkin-Elmer Life Sciences, and 3,3Ј,5,5Ј-tetramethylbenzidine substrate was purchased from KemEnTech. Goat anti-mouse horseradish peroxidase-conjugated antibody was from Pierce, and mouse anti-M1-FLAG antibody, sodium lactate, UDP-galactose, and ADP were from Sigma. [ 35 S]GTP␥S was from PerkinElmer Life Sciences, and [ 3 H]7␣,25-OHC was customsynthesized (Tritec) and repurified periodically at Novartis. All oxysterols were purchased from Avanti Polar Lipids and dissolved in pure DMSO. The cysteinyl leukotrienes LTD 4 and LTC 4 were from Cayman Chemicals.
Receptor Constructs-Constructs used in GTP␥S, ␤-arrestin recruitment, and competition binding studies carried an N-terminal M1-FLAG tag as described previously (19) . Site-directed mutagenesis was carried out using the QuikChange protocol and Pfu polymerase (Stratagene). All mutations were verified by DNA sequencing.
Tissue Culture and Transfections-HEK293 cells were grown in DMEM (Invitrogen) adjusted to contain 4500 mg/liter glucose, 10% FBS (fetal bovine serum), 180 units/ml penicillin, and 45 g/ml penicillin/streptomycin at 10% CO 2 . Stably transfected CHO FLP-IN cells were grown in Ham's F-12 containing 10% FBS, 1% glutamine, penicillin/streptomycin, and hygromycin (500 g/ml) at 5% CO 2 . Stably transfected CHO K1.A2 cells used in ␤-arrestin assays were grown in Ham's F-12 containing 10% FBS, 1% glutamine, penicillin/streptomycin, and hygromycin (250 g/ml) at 5% CO 2 . CHO cells stably expressing G qi5 and EBI2 mutants were maintained in growth medium (DMEM/Ham's F-12) supplemented with 10% heat-inactivated fetal calf serum and selection markers (0.25 mg/ml Zeocin, 5 g/ml puromycin, and 0.4 mg/ml G418). For membrane preparations, transient transfections were performed using the calcium precipitation method, and FuGENE 6 and Lipofectamine 2000 were used in ␤-arrestin assays and for generation of stable CHO FLP-IN clones, respectively.
Membrane Preparation-Membranes were prepared from HEK293 cells transiently transfected with FLAG-tagged receptor constructs or pcDNA3 as control. The cells were manually harvested with a cell scraper in ice-cold PBS and homogenized using a Dounce. The homogenate was centrifuged at 500 rpm for 3 min at 4°C. Subsequently, the supernatants were collected and centrifuged at 20,000 rpm at 4°C for 30 min. The resulting membrane pellets were resuspended in 20 mM HEPES buffer containing 2 mM MgCl 2 and Complete protease inhibitor mixture (Roche Applied Science) and kept at Ϫ80°C until used in [ 35 S]GTP␥S binding experiments or competition binding. The protein concentrations in each preparation were determined using the BCA protein assay kit (Pierce).
[ 35 S]GTP␥S Binding Assay-[ 35 S]GTP␥S binding experiments were carried out in white 96-well plates (Nunc) using the SPA-based method. A volume of membrane preparation (corresponding to 20 g of protein/well) was diluted in assay buffer (50 mM HEPES, 3 mM MgCl 2 , 100 mM NaCl, 1 mM EGTA, 3 M GDP, 10 g/ml saponin, and Complete inhibitor mix, pH 7.4). [ 35 S]GTP␥S (1250 Ci/mmol, 12.5 mCi/ml) diluted in assay buffer was added to a final concentration of 1 nM and incubated 1 h at 30°C. Subsequently, WGA PVT SPA beads (PerkinElmer Life Sciences) were added (final concentration of 2.8 mg/ml) followed by 30 min of incubation at room temperature on a plate shaker. Finally, the plates were centrifuged at 1500 rpm for 5 min, and the amount of radioactivity was determined using a Top Count scintillation counter (PerkinElmer Life Sciences). The level of unspecific binding was determined by adding unlabeled GTP␥S at a final concentration of 40 M. All experiments were carried out at least three times and in triplicate.
[ 3 H]7␣,25-OHC Competition Binding Assay-[ 3 H]7␣,25-OHC competition binding experiments were carried out in white 96-half-well plates (Costar). 10 l of WGA PVT SPA beads diluted in binding buffer (50 mM Tris-HCl, 5 mM MgCl 2 , 100 mM NaCl, and 0.1% cyclodextrin, pH 7.4) to 20 mg/ml was added to each well. Subsequently, 30 l of membrane preparation diluted in binding buffer to 0.67 mg/ml was added. After a 20-min incubation on a shaker at room temperature, 2.5 l of ligand at 20ϫ final concentration was added followed by addition of [ 3 H]7␣,25-OHC to a final concentration of 10 nM. The plates were sealed and, after 15 min on shaker, incubated at room temperature overnight. The following day, the plates were spun down at 1500 rpm for 5 min and counted in a Top-Counter (PerkinElmer Life Sciences).
␤-Arrestin Recruitment-Recruitment of ␤-arrestin was measured using the PathHunter ␤-arrestin assay (DiscoveRx). cDNA encoding M1-EBI2 WT was fused to the PK1 tag and the small fragment of ␤-galactosidase and cloned into pcDNA3.1ϩ. Mutations were generated using the QuikChange protocol. Assays were performed in a CHO K1.A2-arrestin cell line stably expressing ␤-arrestin2 coupled to the ␤-gal large fragment. Cells were seeded out at 20,000 cells/well in 96-well plates and transfected the following day with 50 ng of DNA using FuGENE 6 reagent (0.15 l/well). 48 h after transfection, cells were stimulated with varying concentrations of 7␣,25-OHC for 90 min. ␤-Arrestin recruitment was detected as ␤-gal activity 60 min after addition of chemiluminescent substrate.
Calcium Mobilization Assay-CHO-K1 cells stably transfected with G qi5 were seeded in black/clear bottom, poly-Dlysine-coated 384-well plates at a cell density of 10,000 cells/25 l/well using culture medium. Cells were cultured for overnight at 37°C and 5% CO 2 . Culture medium was removed, and for cell loading, 20 l per well of loading buffer (Calcium-5 no wash dye, Molecular Devices) were distributed into the wells, and the plates were incubated for 60 min at 37°C in 5% CO 2 . Compound dilutions were prepared in 90% DMSO, 10% water and finally transferred to assay buffer containing 0.1% cyclodextrin. Ten microliters of the compound was added to the cells, and the subsequent fluorescent changes were monitored for 3 min. Fluorescence was detected using a FDSS7000 (Hamamatsu). Two values of fluorescence calcium responses were exported as follows: F max , the fluorescence at the peak, and F basal , corresponding to the value prior to compound injection. From these two values, the calcium response is normalized with respect to the calcium base-line values using dF/F ϭ (F max Ϫ F basal )/F basal . The maximum dF/F is called E max .
CREB Trans-reporter Luciferase Assay-HEK293 cells were seeded at 35,000 cells/well in 96-well plates and transiently transfected the following day with FLAG-tagged receptor constructs or pcDNA at the indicated concentrations along with the trans-activator plasmid pFA2-CREB, the reporter plasmid pFRluc, and in some experiments the chimeric G-protein G qi4 myr at 6, 30, and 50 ng/well, respectively. The latter is a promiscuous G protein that binds to G␣ i -coupled receptors but activates the G␣ q pathway. The CREB activity was determined 48 h after transfection using the SteadyLite substrate (Perkin-Elmer Life Sciences). Briefly, the cells were washed twice in Dulbecco's PBS (0.9 mM CaCl 2 , 2.7 mM KCl, 1.5 mM KH 2 PO 4 , 0.5 mM MgCl 2 , 137 mM NaCl, and 8.1 mM Na 2 HPO 4 ), and the luminescence was measured 10 min after addition of the substrate using a TopCounter (PerkinElmer Life Sciences). All receptor constructs were tested at least three times in quadruples.
Enzyme-linked Immunosorbent Assay (ELISA)-HEK293 cells were transiently transfected with the indicated FLAGtagged receptor constructs as described above. Forty eight hours after transfection, the cells were fixed in 4% formaldehyde for 10 min, washed three times in TBS, and blocked for 30 min with TBS containing 2% BSA. Subsequently, the cells were incubated with mouse anti-FLAG M1 antibody at 2 g/ml for 2 h in TBS supplemented with 1% BSA and 1 mM CaCl 2 . After three washes in TBS containing 1% BSA and 1 mM CaCl 2 , the cells were incubated for 1 h with goat anti-mouse horseradish peroxidase-conjugated antibody diluted 1:1000 in the same buffer as the primary antibody. Following washing, the immune reactivity was determined by addition of 3,3Ј,5,5Ј-tetramethylbenzidine according to the manufacturer's instruction. All steps were carried out at room temperature, and all constructs were tested at least three times in quadruples.
EBI2 Homology Model-The sequence of the human EBI2 receptor was obtained from Uniprot (accession code p32249). The closest three-dimensional structure homologue of EBI2 with known structure, CXCR4 (Protein Data Bank code 3ODU) (21) , was used as template structure. The TL4-lysozyme domain was deleted from the CXCR4 crystal structure, and the sequence alignment between EBI2 and the template was constructed using the bioinfo tools in the ICM software package (Molsoft LLC, La Jolla, CA). Because the quality of comparative homology models is highly dependent on the quality of the sequence alignment between the target and the template structure, manual inspections and minor adjustments were performed to ensure proper alignment of conserved class A G-protein-coupled receptor motifs, conserved generic fingerprints, and to avoid accidental gaps in the transmembrane region. Specifically, the obligatory disulfide bridge between the highly conserved CysIII:01/3.25 (Cys-104 in EBI2) in the extracellular part of TMIII and a Cys in extracellular loop 2 (Cys-181 in EBI2) formed in most 7TM receptors was manually aligned to the CXCR4 template to ensure that the disulfide bridge would be formed in the initial EBI2 homology model (see supplemental Fig. 1 ). During EBI2 model generation, all amino acid were subjected to a full side chain optimization to optimize their packing. Loop regions of the EBI2 model that were constructed without a template were selected as the best scored loop structures assigned conformations from similar "fragments" in the ICM database of experimental structures.
In general, comparative homology models are considered to be associated with atomic position errors that impede the use of homology models for purposes that require atomic resolution data, such as drug design and protein-ligand interaction predictions. Thus, the initial EBI2 model was subjected to full-atom structure relaxation using the ROSETTA membrane force field (22) in Rosetta 3.2.1 (23) to capture the intrinsic flexibility of the receptor. A total of 1000 EBI2 models was generated, and from these the best 10 scoring models were selected as the receptor ensemble during the subsequent docking of 7␣,25-OHC. Likewise, a ligand ensemble, including 20 conformations, was prepared in ICM within 3 kcal/mol of the global energy minimum using the MMFF force field and generalized born solvent as an implicit solvation model.
Docking of 7␣,25-OHC-A full flexible docking of 7␣,25-OHC to the EBI2 receptor was performed using ROSETTALI-GAND (24) and the XML docking protocol described previously (25) . Briefly, the protocol randomly selects a structure from the protein and the ligand ensemble, uniformly places and rotates the ligand within a defined docking sphere, and performs a simultaneous optimization of the ligand and the receptor using a Metropolis Monte Carlo simulated annealing algorithm. The center of the dockings sphere, which defines the "center" of the binding pocket, was placed between Arg-87, Tyr-116, and Tyr-260 which, based on mutational mapping, are suggested to be involved in ligand binding. The radius of the docking sphere, which defines the "size" of the pocket and the space within the center of the ligand, that can be placed and effectively sampled was set to 5 Å. A total of ϳ32,000 docking trajectories was generated.
Inaccuracies in the structural models due to incorrect backbone and side chain conformations, lack of explicit water molecules, approximations in the Rosetta force field, and sampling limitations in combination with an expected relatively small energy gap between the correct and incorrect docking poses preclude the use of ligand-protein interaction energies for accurate determination of the global minima. Realizing this, the ensemble of ligand receptor complexes was initially filtered based on distance constraints derived from the biochemical binding data. The data (see under "Results") suggest that Tyr-116 and Tyr-260 likely are involved in hydrogen bond interactions with at least one of the three hydroxyl groups in the ligand. Thus, receptor ligand complexes in which any of the three ligand hydroxyl oxygen atoms were within 5 Å of the oxygen atoms in the tyrosine side chains were accepted. As Phe-111 is not important for 7␣,25-OHC function (see under "Results"), docking poses in which the distance between C of Phe-111 and any ligand heavy atom less than 5 Å were discarded. Among the ϳ32,000 ligand receptor complexes, 216 passed the filter criteria proposed by the experimental mutational data.
The resulting filtered structures were aligned with the CE algorithm (26) as implemented by PyMOL (The PyMOL Molecular Graphics System, version 1.5.0.1 Schrödinger, LLC). The ligand-ligand heavy atom root mean square distance matrix was computed using our own scripts, and the ligand binding poses were clustered using a hierarchical agglomerative clustering algorithm implemented in BCL::Cluster (27) using a clustering threshold of 3.0 Å, which identified a total of 60 clusters.
RESULTS
7␣,25-OHC Binding, Importance of Arg-87 at Position II:20/2.60-For structure-function analysis, we focused on the most potent EBI2-activating oxysterol, 7␣,25-OHC (12, 13) . This molecule carries hydroxyl groups at position 3 in the A-ring (␤ conformation), position 7 (␣ conformation) in the B-ring, and at position 25 in the iso-octyl side chain ( Fig. 1A ). As reported previously (12, 13) , the radioligand [ 3 H]7␣,25-OHC bound selectively to membranes isolated from HEK293 cells transiently expressing human EBI2 (hEBI2) but not to pcDNA-transfected counterparts. Radioligand binding was displaced by 7␣,25-OHC with an IC 50 value of 24 Ϯ 1.6 nM ( Fig.  1B) . Similar results were observed with membranes from CHO cells stably expressing hEBI2 (data not shown). In GTP␥S binding assays, 7␣,25-OHC induced G protein activation with an EC 50 value of 1.0 Ϯ 0.1 nM in hEBI2-containing membranes but not in pcDNA controls (Fig. 1C ). Furthermore, activation of hEBI2 by 7␣,25-OHC resulted in a dose-dependent recruitment of ␤-arrestin ( Fig. 1D ) and Ca 2ϩ mobilization (Table 1) with EC 50 values of 83 Ϯ 1.3 and 16 Ϯ 2.7 nM, respectively. In all four assays, the half-maximal concentration values were in close agreement with previous reports (12, 13) .
For the mutational screening, we focused on residues facing the main binding pocket ( Fig. 2 and Table 1 ). This included residues at positions known to be important for ligand binding in other 7TM receptors as well as residues capable of hydrogen bonding. As GTP␥S binding was only detectable in membranes from stably transfected CHO cells, we used ␤-arrestin recruitment as a functional readout for the mutational screening. Binding experiments and generation of stably transfected CHO cell clones for GTP␥S binding were subsequently performed for hits. In addition, Ca 2ϩ mobilization was measured for most hits. The cell surface expression of all constructs was determined by ELISA against their N-terminal M1 FLAG tag (Table 1) .
We initially focused on the Arg at position II:20/2.60 (residue number R87) as we have previously shown that this residue is important for EBI2 activity (19) . This residue is located in the top of TM-II near the interface between the helix and the extracellular environment. Furthermore, the recent crystal structures of CXCR4 (21) and the S1P1 receptor (28) revealed that the II:20/2.60 side chain protrudes into the binding pocket (see below) and not toward the membrane bilayer as anticipated previously. Interestingly, when Arg-87 was mutated to an Ala, the 7␣,25-OHC-induced ␤-arrestin recruitment was virtually abolished (Fig. 3A) . This was also observed at the level of G protein activation with a decrease in the GTP␥S EC 50 value of ϳ5000-fold ( Fig. 3B ). Competition binding experiments revealed that this was a result of attenuated binding as no radioligand binding was detectable in EBI2 R87A membranes as opposed to EBI2 WT membranes (Fig. 3C ). The lack of binding was not a result of low or abolished cell surface expression as the expression level of the mutant was WT-like ( Table 1) . As opposed to the R87A mutation, substituting Arg-87 with a Lys only slightly affected EBI2 activation ( Fig. 3 , A-C) indicating that the charge and/or the hydrogen bonding properties of Arg-87 is important for agonist binding.
7␣,25-OHC Interacts with Tyr-112 and Tyr-116 in TM-III and Tyr-260 in TM-VI-Based on the distances between the OH groups in 7␣,25-OHC, we selected a group of residues in TM-III, -VI, and -VII in the vicinity of Arg-87. In TM-III, two Tyr residues are found one helix turn apart at positions III:09/ 3.33 (Tyr-112) and III:13/3.37 (Tyr-116) ( Fig. 2A) . To test whether these are involved in 7␣,25-OHC binding, we introduced Ala or Phe substitutions at both positions. For Tyr-112, Ala substitution had a profound effect on ␤-arrestin recruitment ( Fig. 3D ), G protein activation (Fig. 3E ), binding (Fig. 3F ), and Ca 2ϩ mobilization (Table 1) , although the mutant was expressed well (Table 1) . On the contrary, no change was observed upon Phe substitution ( Fig. 3 , D-F, and Table 1 ) indicating that Tyr-112 contributes to 7␣,25-OHC binding through aromatic or other hydrophobic interactions. Interestingly, the neighboring Phe-111 at position III:08/3.32 was not important for agonist-induced activation ( Table 1 ) despite being crucial for the activity of the EBI2 inverse agonist/antagonist GSK682753A (29) . For Tyr-116 at position III:13/3.37, ␤-arres- 
Receptor expression together with potencies and affinities of 7␣,25-OHC on a selection of EBI2 mutations
From left: residue mutated and the position in the receptor, surface expression, and potencies of 7␣,25-OHC (depicted as Ϫlog(EC 50 )) in three different functional assays (␤-arrestin recruitment, GTP␥S, and Ca 2ϩ mobilization) and the affinity of 7␣,25-OHC (depicted as Ϫlog(IC 50 )). The data are presented as mean Ϯ S.E.M., and the number of independent experiments is indicated (n). Cell surface expression as measured by ELISA is presented as mean Ϯ S.E.M. of raw data where background (pcDNA-transfected cells) has been subtracted. The -fold change in surface expression compared to hEBI2 WT is shown (⌬abs). ND, not determined; N/A, not applicable (no curve or binding).
tin recruitment (Fig. 3G ), G protein activation (Fig. 3H) , and Ca 2ϩ mobilization (Table 1) were abolished both upon Ala or Phe substitution. This was a result of a lack of binding ( Fig. 3I ) rather than attenuated cell surface expression as both constructs were expressed at WT levels (Table 1) indicating that Tyr-116 possibly interacts with 7␣,25-OHC through hydrogen bonding with an OH group. Finally, using distance constraints, we identified a set of residues in TM-VI and -VII that could potentially constitute the third OH group anchor point. Whereas the selected TM-VII residues did not seem to be important for agonist function (Table 1) , both ␤-arrestin recruitment (Fig. 3J ), G protein activation (Fig. 3K) , and Ca 2ϩ FIGURE 2. Helical wheel (A) and snake-diagram (B) of the human EBI2. Mutated residues are indicated in dark gray (no effect on 7␣,25-OHC binding) or black with white letters (agonist anchor points Arg-87, Tyr-112, Tyr-116, and Tyr-260). The conserved 7TM receptor family residues in each helix are colored in light gray with the exception of Asp-77 (position II:10/2.50 in TM-II), which is dark gray with white lettering as this was included in the mutational analysis. Note that the orientation of the anchor residues is depicted schematically only (compare with Fig. 4 ). OCTOBER 12, 2012 • VOLUME 287 • NUMBER 42 JOURNAL OF BIOLOGICAL CHEMISTRY 35475 mobilization ( Table 1) were profoundly affected when the Tyr at position VI:16/6.51 (Tyr-260) was substituted with either Ala or Phe. As described previously, this was a result of abolished binding (Fig. 3L ) and not the lack of cell surface expression (Table 1) . Thus, as with Tyr-116, Tyr-260 likely interacts with 7␣,25-OHC through hydrogen bonding to an OH group.
Elucidation of 7␣,25-Dihydroxycholesterol Binding to EBI2
Binding Mode of 7␣,25-OHC-To test the binding mode further, we conducted a docking simulation of 7␣,25-OHC binding to EBI2 using ROSETTALIGAND and carefully analyzed the five largest clusters (designated cluster 1-5) containing 42, 21, 13, 9, and 9 agonist-receptor complexes, respectively. The average ligand-protein interface energy in cluster 4 was significantly higher than that of clusters 1 and 2. The best scoring conformations was found in the largest cluster, and these ranked within the top 0.5% of the unfiltered ensemble. In all analyzed clusters, the cholesterol ring system of the ligand was located in a predominantly hydrophobic aromatic pocket between the transmembrane helices TM-III and -VII.
Interestingly, in the largest cluster, the 3␤-OH group of 7␣,25-OHC forms hydrogen bonds with the hydroxyl group of the Tyr-116 (position III:13/3.37) side chain ( Fig. 4) . Moreover, the 7␣-OH group is involved in hydrogen bond formation with the hydroxyl group of the Tyr-260 (position VI:16/6.51) side chain. This binding mode is in agreement with the mutational analysis ( Fig. 3 and Table 1 ). Furthermore, it is also consistent with pharmacological data from the initial deorphanization studies (12, 13) in which a 40-fold decrease in binding affinity was observed comparing 7␣,25-OHC and 7␤,25-OHC. However, inconsistencies with the mutational data were also observed. Thus, in a number of cases the OH group of the Tyr-112 (position III:09/3.33) side chain forms hydrogen bonds with the 7␣-OH group which is not in agreement with the mutational data as the Y112F mutation did not affect binding and function ( Fig. 3) . Instead, the importance of the aromatic part of position III:09/3.33 can either be explained by the formation of stabilizing -stacking interactions to Tyr-116 or hydrophobic interactions with the agonist as observed in other clusters.
Although the cholesterol scaffold adopts a well defined pose, the distal 25-OH group in the flexible aliphatic chain shows several possible hydrogen bond interactions within the complex. In some cases the 25-OH group forms hydrogen bond contacts to backbone atoms of ECL2 or the Thr-180 side chain in ECL2. In these cases, C26 and C27 atoms often form hydrophobic interactions with Tyr-90 (at position II:23/2.63) and Tyr-91 (II:24/2.64), which are located one helical turn above Arg-87. In other cases, the 25-OH group is flipped over and forms hydrogen bond interactions to either of the OH groups in Tyr-90 and Tyr-91 ( Fig. 4) or to His-291 (position VII:03/7.36) and Gln-287 (position VII:-02/7.32) located just opposite Tyr-91. Ala substitution of Tyr-90, His-291, or Gln-287 resulted in an ϳ10-fold reduction in potency (Table 1) indicating that these residues could contribute to ligand binding. In a few cases, the 25-OH group made direct hydrogen bond contact to Arg-87. However, only suboptimal hydrogen bond geometries between the 25-OH group and the guanidine side chain were observed suggesting that the importance of Arg-87 could be indirect. Thus, Arg-87 could e.g. bind 7␣,25-OHC via an intermediate water molecule (not present in the model). Indeed, the increasing number of 7TM receptor crystal structures indicates that water plays an essential role in the functionally important hydrogen bond network between a ligand and receptor residues within the binding pocket. Alternatively, Arg-87 could be involved in stabilization of adjacent residues directly involved in ligand binding or lock the receptor in a more active conformation thereby promoting agonist binding. In clusters 2-5, some of the same interactions were observed in some cases but did in general not agree as well with the mutational data as cluster 1. In conclusion, our docking simulation suggests that the 3␤-OH group interacts with Tyr-116, 7␣-OH with Tyr-260, and 25-OH with Arg-87 (either directly or indirectly), Tyr-90, Tyr-91, Gln-287, and/or His-291.
Importance of Position II:10/2.50 for EBI2 Activation, Reintroduction of 7␣,25-OHC Binding-A highly conserved Asp is found at position II:10/2.50 in the rhodopsin-like subfamily of 7TM receptors (Fig. 2) . To investigate the importance of this residue (Asp-77 in EBI2) for receptor activation, we mutated it to Ala or Arg. As seen in Fig. 5A , the D77A substitution completely abolished 7␣,25-OHC-induced ␤-arrestin recruitment. This was not the result of attenuated binding, however, as the radioligand still bound to membranes expressing the mutant and was displaced with an IC 50 value equivalent to WT ( Fig. 5B and Table 1 ). Similarly, the D77R mutant also bound the radioligand with WT-like affinity. However, contrary to D77A, it still recruited ␤-arrestin and even with a slight increase in potency (4-fold; Fig. 5A ). This indicates that Asp-77 is not important for 7␣,25-OHC binding but rather is essential for the activation mechanism of EBI2 by hydrogen bonding to one or more residues. Given the importance of Arg-87 (position II:20/2.60) for 7␣,25-OHC binding and Asp-77 (II:10/2.50) for the activation mechanism, we examined their significance in combination. Thus, we generated two double mutants, D77A/R87A and D77R/R87A, and measured ␤-arrestin recruitment and radioligand binding. Interestingly, whereas the D77A/R87A mutant was not able to recruit ␤-arrestin or bind 7␣,25-OHC, the D77R/R87A mutant bound the agonist and was also able to recruit ␤-arrestin with a half-maximal concentration close to WT (Fig. 5, C and D) . Thus, introducing an Arg at position II:10/2.50 in the EBI2 R87A mutant (which does not bind the agonist, Fig. 3A ) reconstitutes agonist binding. Although this likely is an indirect effect given the distance between II:10/2.50 and the other anchor residues, it emphasizes the important role of TM-II in both agonist binding and activation of EBI2.
Position II:20/2.60 as Possible Anchor Point in Other 7TM Receptors-Besides the conserved Asp at position II:10/2.50, a Pro residue is found at the top of TM-II in 78% of rhodopsinlike 7TM receptors. However, this is found at one of two adjacent positions, namely II:18/2.58 (41% conserved) or II:19/2.59 (37%) (30) . Importantly, these two positions are always aligned in the receptor structures due to an insertion at position II:16 in ProII:19 receptors resulting in a bulge on TM-II as evident from the 7TM receptor crystal structures. Accordingly, position II:20 is oriented toward the lipid bilayer in ProII:19 receptors, exem- plified by the ␤-adrenergic receptors (31, 32) but oriented toward the binding pocket in ProII:18 receptors as exemplified by CXCR4 (21) . Furthermore, very recently, the first non-Pro receptor, the S1P1 receptor, was crystallized (28) . Interestingly, the II:20/2.60 side chain is oriented the same way as in ProII:18 receptors (e.g. CXCR4) (Fig. 6A) . Accordingly, the orientation of II:20/2.60 is also reflected in the amino acid distribution at this position in ProII:18, ProII:19, and non-Pro receptors (Fig. 6B ). For instance, charged amino acids at II:20/2.60 are only found in ProII:18 and non-Pro receptors (90% of which are positively charged), and polar residues are furthermore much more frequent. On the contrary, aliphatic residues are more common at II:20/2.60 in ProII:19 receptors (Fig. 6B) .
To examine whether the importance of II:20/2.60 for agonist binding also extended to other receptors, we searched the human 7TM receptor repertoire for receptors containing a positively charged residue at II:20/2.60. In total, we identified 29 receptors ( Table 2 ). This group contained several 7TM recep-tor subfamilies such as the free fatty acid receptors, the proteinase-activated receptors, and the cysteinyl leukotriene receptors (CysLTs), in addition to several orphan receptors. Two things are notable. First, the majority of these receptors are activated either by lipids (e.g. EBI2, FFAR1-3, and CysLT1-2) or nucleotides (e.g. P2Y12-14). Second, they are all ProII:18 receptors, and the II:20/2.60 side chain thus faces the binding pocket providing a putative anchor point. We initially chose to focus on the CysLT1 and -2 and mutated the Arg at II:20/2.60 (Arg-79 in CysLT1 and Arg-94 in CysLT2) to either Ala or Lys. Whereas the CysLT WT receptors were activated by LTD 4 with EC 50 values of 1.7 Ϯ 0.9 and 2.1 Ϯ 0.3 nM, respectively, no activation was observed for the Ala mutants (Fig. 7, A and C) . The Lys mutants were activated, although with an ϳ400-fold (CysLT1) and ϳ40-fold (CysLT2) decrease in potency compared with the WT receptors. This was not due to expression failure as all the mutants were present at the cell surface, although the CysLT1 mutants were at lower levels than WT (insets Fig. 7, B and D) . We subsequently performed homologous competition binding FIGURE 6. Position and orientation of residue II:20/2.60. A, view from the extracellular side of the human CXCR4 (gray; Protein Data Bank code 3ODU), the human ␤ 2 -adrenoreceptor (dark blue; Protein Data Bank code 2RH1, and the human S1P1 receptor (red; Protein Data Bank code 3V2Y) crystal structures as aligned by PyMOL software. All loops as well as helix 8 have been omitted for clarity. Residue II:20/2.60 in TM-II (a Trp in CXCR4, a Phe in the ␤ 2 -adrenoreceptor, and an Asn in the S1P1 receptor) is indicated at the top (dashed ellipse). In CXCR4 and the S1P1 receptor, the II:20/2.60 side chain is twisted ϳ60°compared with the ␤ 2 -adrenoreceptor and faces the binding pocket. This is caused by the presence of the TM-II Pro at position II:18/2.58 in CXCR4 and the absence of a TM-II Pro in the S1P1 receptor. For the ␤ 2 -adrenoreceptor, the TM-II Pro is found at position II:19/2.59, and the side chain of II:20/2.60 consequently faces the lipid bilayer. For reference, the location of the functionally important Asp at position III:08/3.32 and the Trp at VI:13/6.48 of the ␤ 2 -adrenoreceptor have been included (in gray) as well as the helix numbers. B, amino acid frequency in ProII:18 receptors (left), ProII:19 receptors (middle), and non-Pro receptors (right). The aromatic residues Phe and Tyr are indicated in light gray; Trp in light gray with dashed lines; charged residues (Asp, Glu, Arg, Lys, and His) in light blue; aliphatic (Ala, Leu, Iso, Val, and Met) in dark blue; polar (Asn, Gln, Cys, Ser, and Thr) in dark gray, and Pro or Gly in black.
measuring the extent of LTD 4 binding. For the CysLT WT receptors, LTD 4 displaced [ 3 H]LTD 4 with IC 50 values of 0.9 Ϯ 0.5 nM (CysLT1) and 10 Ϯ 1.7 nM (CysLT2) (Fig. 7, B and D) . On the contrary, neither of the Ala mutants bound [ 3 H]LTD 4 in agreement with the results from the functional assay. The Lys mutants did bind [ 3 H]LTD 4 but to a limited degree in both cases (32 and 39% of CysLT1 and CysLT2 WT, respectively) and displayed IC 50 values of 74 Ϯ 2.3 nM (CysLT1) and 166 Ϯ 4.6 nM (CysLT2). In addition, we also performed these experiments with LTC 4 and obtained virtually the same results (data not shown). Finally, we tested the importance of II:20/2.60 for the nucleotide-activated P2Y12 and P2Y14, which contains a Lys at this position (Lys-80 and Lys-77, respectively). UDPgalactose activated P2Y14 WT and the Arg mutant with similar potencies (EC 50 values of 0.1 Ϯ 0.02 and 0.08 Ϯ 0.01 M, respectively) (Fig. 7E) . On the contrary, the agonist activated the Ala mutant with a 50-fold decrease in potency. Interestingly, this was also observed for P2Y12. Thus, whereas the Arg mutant was activated by ADP with WT-like potency, the Ala mutant exhibited a 100-fold decrease in potency (Fig. 7F) . Although it is not feasible to do binding experiments due to the low potency of the P2Y agonists, these results demonstrate that the II:20/ 2.60 residue, as in EBI2 and the CysLTs, is highly important for activation of these receptors.
DISCUSSION
Here, we present the first molecular characterization of oxysterol binding to a 7TM receptor, namely the binding mode of 7␣,25-OHC to EBI2. The mutational analysis identified receptor residues Arg-87 in TM-II (position II:20/2.60), Tyr-116 in TM-III (III:13/3.37), and Tyr-260 in TM-VI (position VI:16/ 6.51) as being of particular importance for agonist binding to EBI2 (Fig. 3) . In line with these results, the docking simulation of 7␣,25-OHC binding suggests that the 3␤-OH group interacts with Tyr-116, the 7␣-OH group with Tyr-260, and the 25-OH group with Arg-87 (directly or indirectly), Tyr-90, Tyr-91, Gln-287, and/or His-291 ( Fig. 4) . Structure-activity relationship data from the EBI2 deorphanization studies showed that changing the conformation of the 7-OH group from ␣ to ␤ had a greater impact on the affinity than changing the position of 25-OH group from 25 to 27 (12, 13) thus suggesting that the former is relatively more important for agonist binding than the latter. Accordingly, the interaction between 7␣ and Tyr-260 at position VI:16/6.51 seems to have the largest impact on agonist binding and receptor activation. This aligns well with the observation that the major helical movement during receptor activation occurs in TM-VI. Specifically, the lower part of this helix swings outward and thereby creates space for G protein binding as evident from both crystallographic (32, 33) and biophysical (34) data. Furthermore, position VI:16/6.51 has been shown to be crucial for the activity of several other 7TM receptors. For instance, the Phe at VI:16/6.51 in the ghrelin receptor is believed to be part of a functionally important aromatic cluster between residues on the inner face of TM-VI and -VII that constrains the receptor in an active conformation (35, 36) . In addition, VI:16/6.51 constitutes one of the anchor points in activating metal ion-binding sites engineered into several receptors (37, 38) . Interestingly, position VI:16/6.51 is also involved in ligand binding in the S1P1 receptor that, as EBI2, is activated by lipids. As evident from the recent crystal structure, the Leu at VI:16/6.51 (Leu-272) in this receptor interacts hydro- The receptor name, any commonly used aliases, type (Arg or Lys), and generic number of the residue at II:20/2.60, endogenous agonist(s), and G-protein coupling are presented. Ligand abbreviations: 2-AG, 2-arachidonoylglycerol; ANM, anandamide; fMLP, formyl-Met-Leu-Phe; FPP, farnesyl pyrophosphate; LCFA, long chain fatty acid; LPA, lysophosphatidic acid; LPI, lysophosphatidyl-L-inositol; lyso-PS, lysophosphatidyl-L-serine; NAG, N-arachidonoylglycine; S1P, sphingosine 1-phosphate; SCFA, short chain fatty acid. The parentheses around the GPR55 ligands denote discrepancy among published studies.
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phobically with the aliphatic portion of the sphingosine-like antagonist ML056 and, as indicated by in silico modeling, the agonist sphingosine 1-phosphate as well (28) . We targeted several residues in TM-III and identified Tyr-112 (position III:09/ 3.33) and Tyr-116 (position III:13/3.37) to be important for 7␣,25-OHC binding (Figs. 2 and 3 ). Of note, Phe-111 at position III:08/3.32 did not play a role for agonist binding (Table 1) although this residue is crucial for the EBI2 inverse agonist/ antagonist GSK682753A (29) . Although Tyr-116 presumably forms hydrogen bonds with the 7␣,25-OHC 3␤-OH group (Fig.  4) , Tyr-112 likely interacts hydrophobically with the agonist steroid backbone as suggested by the WT-like binding and activation of the Y116F mutant ( Fig. 3) or alternatively stabilizes Tyr-116 via -stacking. Interestingly, a similar scenario is observed in the S1P1 receptor in which the Phe at position III:09/3.33 (Phe-125) interacts with the aliphatic portion of the sphingosine ligands (28) .
Majority of Apparent EBI2 Constitutive Activity Is Likely Caused by Oxysterols Present in Medium-We identified
Arg-87 at position II:20/2.60 as the third residue crucial for agonist binding (Fig. 3) . We have previously shown that this residue is essential for the apparent constitutive activity of EBI2 as Arg to Ala substitution completely abolished this activity (19) . However, as this substitution attenuates 7␣,25-OHC binding and receptor activation ( Fig. 3) , we suspect that the major part of the apparent EBI2 constitutive activity has been a consequence of agonist contamination in the medium. This is corroborated by the observation that in both transiently and stably transfected HEK293 cells (which were used in the analysis of constitutive activity), we failed to see any 7␣,25-OHC-induced activation but observed a high level of constitutive activity. On the contrary, in CHO cells, which were used in this study, we did see 7␣,25-OHC-induced activation but no constitutive activity (data not shown). Also, medium from cultured HEK293 cells has recently been shown to attract EBI2-transduced M12 cells but not controls (39) . Importantly, this could be blocked by an inhibitor of the cholesterol biosynthetic pathway. Furthermore, a similar phenomenon has been reported for the free fatty acid-activated receptor GPR40 (FFAR1) in which fatty acids released from cells into the medium accounted for the apparent constitutive activity of this receptor (20) . Thus, care has to be taken when choosing cell lines and interpreting constitutive activity especially in the case of lipid-activated receptors.
Top of TM-II Is Important for Ligand Binding in Several 7TM Receptors-Position II:20/2.60 has been shown to be crucial for ligand binding in a range of receptors. Of note, these are all ProII:18 or non-Pro receptors, i.e. position II:20/2.60 faces toward the binding pocket providing a suitable anchor point (Fig. 6 ). For instance, the Trp at II:20/2.60 in CXCR4 (a ProII:18 receptor) provides stabilizing hydrophobic contacts to the small molecule antagonist IT1t as evident from the recent crystal structure of this receptor (21) . Similarly, the Asn at II:20/ 2.60 in the S1P1 receptor (a non-Pro receptor) is crucial for the binding of sphingosine-like ligands through polar contacts to the protonated primary amine in these compounds (28) . In this study, we furthermore show that binding of leukotrienes to the CysLT receptors (both ProII:18 receptors) is highly dependent on the Arg at II:20/2.60 ( Fig. 7) . Leukotrienes contain several negatively charged and polar groups that could interact with the Arg guanidinium group. Of note, substituting the Arg with a Lys had a much more profound effect on agonist binding and receptor activation in the CysLTs (Fig. 7) compared with EBI2 (Fig. 3) . This may reflect that several amines (as found in the guanidinium group) are required for agonist binding through interaction with more than one group in the ligand. In addition, the Arg at II:20/2.60 in the LPA5 receptor, another lipid-activated receptor, was shown to be functionally important as mutation of this residue completely abolished agonist-induced activation (40) . This was also recently shown to be the case in GPR81 (41) . Interestingly, the conservative Arg to Lys mutation also abolished receptor activation indicating a high structural specificity in this case. Although binding experiments were not performed in these two studies, it is likely that the Arg at II:20/ 2.60 anchors the agonists through an ionic and/or polar interaction as observed for the leukotrienes. Besides these lipid-activated receptors, we also demonstrate that the Lys at II:20/2.60 in the P2Y12 and P2Y14 receptors are important for nucleotide-induced activation in which Ala substitution results in a 50 -100-fold reduction in potency (Fig. 7) . In general, it is noteworthy that ProII:18 receptors that contain a positively charged residue at II:20/2.60 are mostly activated by lipids or, to a lesser extent, nucleotides ( Table 2 ). This indicates that the positively charged II:20/2.60 residue has been conserved as an important residue for agonist binding in this subgroup of receptors.
Importance of TM-II for the 7TM Receptor Activity State in General-We also examined the role of the Asp at position II:10/2.50 (Asp-77). This residue is located three helix turns below II:20/2.60 on the same helix face. In the recent crystal structure of the activated ␤ 2 -adrenergic receptor in complex with a G protein, the Asp at II:10 interacts with the highly conserved Asn at position VII:16 (32) , whereas this interactions is absent in the inactive state (33) . In line with this, Asp-77 is not required for 7␣,25-OHC binding to EBI2 but is crucial for receptor activation thus functioning as a micro switch (Fig. 5 ). This is further corroborated by the D77R mutant that (contrary to D77A) still showed activation despite that the mutation introduces a charge swap. In fact, the potency is even slightly increased (4-fold) compared with the WT receptor ( Fig. 5 and Table 1 ). Furthermore, introducing an Arg at position II:10/ 2.50 in the R87A mutant (which does not bind 7␣,25-OHC, see Fig. 3A ) rescued binding of the agonist (Fig. 5D ). This is most likely not due to a direct interaction between 7␣,25-OHC and the Arg at II:10/2.50 as the distance between the putative binding site and this residue is too long (ϳ16 Å). A possible explanation is that the Arg substitution (in combination with R87A) induces a conformational change in EBI2 that skews the receptor population to a relatively more active (i.e. agonist binding) conformation. The D77R mutation has a significantly larger side chain and physiochemical properties that might repack side chains within the surrounding environment thereby moving TM-VI and/or -VII outward. Such a movement is indeed a crucial part of receptor activation (32) in which the mutation could skew the equilibrium toward an active conformation and thus favor ligand binding. For Arg-87, we only observed very few direct interactions with the agonist in our docking simulations ( Fig. 4) suggesting that the interaction could be indirect, e.g. via water molecules. Alternatively, Arg-87 could lock EBI2 in an active conformation favoring agonist binding as observed for the II:10/2.50 mutations described above.
The importance of residues in TM-II for the activity of 7TM receptors has been observed in other rhodopsin-like 7TM receptors as well. For instance, in the neurokinin 1 (NK1) receptor, a range of mutations in TM-II facing the binding pocket affects the interchange between different receptor conformations binding either antagonists or agonists (42) . Furthermore, evidence indirectly supporting the importance of this helix has been observed in several cases. For instance, introducing a positively charged residue in TM-II has been shown previously to render 7TM receptors highly constitutively active. This includes a naturally occurring mutation at position II:20/2.60 in the murine melanocortin 1 receptor (a non-Pro receptor), which substitutes the endogenous Glu with a Lys and results in a darker coat color and, importantly, abolishes agonist-induced activation (43) . Of note, mutation to Arg, but not Ala or Asp, constitutively activated the receptor indicating the charge to be of importance (44, 45) . Finally, a similar phenomenon was observed in the chemokine receptors CCR5 and CCR2 where introduction of Lys or Arg at position II:16/2.56 constitutively activated the receptors (46) . For CCR5, this is also the case if the positively charged residue is introduced at position II:20/2.60. 4 We speculate that introduction of Lys/Arg residues in TM-II, being centrally located in the binding pocket, may in general affect the dynamic properties and the activity of some 7TM receptors through modulation of pK a values in surrounding residues, alternative packing of adjacent side chains, formation of new hydrogen bonding networks through water molecules or ions, and/or electrostatic interactions to ligands and ions.
In conclusion, we have mapped the binding of the most potent EBI2-activating oxysterol 7␣,25-OHC identifying the four key residues Arg-87, Tyr-112, Tyr-116, and Tyr-260. To our knowledge, this is the first data elucidating the binding mode of an oxysterol to a 7TM receptor. Furthermore, our data suggest that position II:20/2.60 may serve as a generally important residue for ligand binding in a subgroup of 7TM receptors.
